To assess the oligomerization properties of CUE2-1, we performed analytical ultracentrifugation studies over a broad range of loading concentrations (5-550 M). Sedimentation equilibrium data were fitted with oneand two-component ideal models and a monomer-dimer equilibrium model. Satisfactory fits were obtained without invoking a self-association model. The predicted molecular weight (8158 Da) corresponded closely to the expected monomer molecular weight (8119 Da) of CUE2-1 (data not shown), indicating that the protein is The structure of the CUE2-1-ubiquitin complex was Both copies of the CUE domain can bind monoubiquitin determined using NOE-based distance and chemical independently and belong to a subset of CUE domains shift-and scalar coupling constant-based torsion angle that carry an MFP sequence and bind ubiquitin effirestraints. Almost all intramolecular NOEs were asciently (Shih et al., 2003) . To test whether these domains signed using an automated, iterative approach (Linge bind ubiquitin cooperatively, we incubated individual et al., 2003); intermolecular NOEs, on the other hand, Cue2 CUE domains and a construct spanning both dowere assigned iteratively and manually. An ensemble of mains (henceforth designated CUE2-1, CUE2-2, and 20 structures in excellent agreement with a large body of CUE2-1,2, respectively) with E. coli lysates containing experimental data as indicated by low RMS differences GST or GST-ubiquitin. The Vps9 CUE domain, which with the input restraints, no distance or torsion angle binds ubiquitin efficiently, was included as a positive violations greater than 0.3 Å and 5Њ, respectively, and control (Shih et al., 2003) . As expected, both CUE2-1 good Ramachandran and convergence statistics (Table  and CUE2 -2 bound comparable amounts of ubiquitin 1) was used for structural analysis. (Figure 1 ). In comparison, CUE2-1,2 bound only a slightly greater amount of ubiquitin, implying that CUE2-1 and CUE2-2 bind ubiquitin independently, but not cooperaStructure of the CUE2-1 Domain and Monoubiquitin in the Complex tively. To gain insights into the mechanism of monoubiquitin recognition by CUE domains, we expressed and The CUE2-1 domain is a compact globular domain comprising three short ␣ helices arranged in a bundle (Figpurified CUE2-1 and structurally characterized its interaction with yeast ubiquitin.
ures 3A and 3B). The ␣A helix extends from His9 to In addition to the aforementioned hydrophobic interactions, the CUE2-1-ubiquitin complex appears to be al., 1987). Differences between the crystal and NMR structures at the polypeptide backbone level are mainly stabilized by intermolecular electrostatic interactions. These were inferred using criteria including close proxconfined to the loop regions linking secondary structural elements. Overall, the structure of ubiquitin is well deimity (Ͻ6 Å ) of oppositely charged side chain moieties and the presence of such charge pairs in a majority of fined except in the region spanning from Leu73-Gly76 at the carboxy terminus ( Figure 4A ). The poor definition structures in the NMR ensemble. The side chains of Asp18 and Asp40 of CUE2-1 thus appear to engage of the structure in this region could be attributed to paucity of NMR restraints resulting from enhanced flexiLys6 and Arg42 of ubiquitin, respectively, in electrostatic interactions ( Figure 5B ). Similar considerations also led bility (Lee and Wand, 1999).
to the identification of an intermolecular hydrogen bonding interaction between the backbone carbonyl and amNoncovalent Interactions at the CUE2-1-Ubiquitin Interface ide groups of Met19 and Gly47 of CUE2-1 and ubiquitin, respectively. CUE2-1 binds mainly through the ␣A and ␣C helices to a surface defined in large part by the ␤1, ␤3, ␤4, and To evaluate the contributions made by individual CUE2-1 residues toward the stability of the CUE-ubiqui-␤5 strands of ubiquitin (Figures 3 and 4) . The 17Њ packing angle between the ␣A and ␣C helices complements the tin complex, we mutated selected residues at the intermolecular interface in His 6 -CUE2-1 to alanine and asnatural twist associated with the ubiquitin ␤ sheet. The intermolecular contacts cover a relatively small intersayed these mutants immobilized on metal affinity beads for binding to GST-ubiquitin. As expected, mutaface, about 400 Å 2 in each protein, which is consistent with the modest affinity of the interaction. A distinguishtion of Met19, Ile43, and Leu47-all highly conserved residues in the hydrophobic patch (Figures 4 and 6A )-ing feature of the ubiquitin surface in contact with CUE2-1 is a moderately deep hydrophobic pocket deabrogated ubiquitin binding ( Figure 5C ). Mutation of Asp18, Leu39, and Gly44 reduced ubiquitin binding relafined by the side chains of Leu8, Ile44, His68, and Val70 ( Figure 5B ). The pocket is filled by the side chain of tive to wild-type. Asp18 is involved in an electrostatic interaction with Lys6 of ubiquitin, while Leu39 contribMet19, a highly conserved residue in CUE domains that Figure 7A ). However, a negatively charged residue is present four residues carboxy-terminal to this position (i.e., corresponding to that of CUE2-1 Gly44) in these proteins, suggesting that residues at this position can mediate an equivalent or a more favorable interaction.
A complementary panel of GST-ubiquitin alanine point mutants was also tested for binding to His 6 -CUE2-1 using the same assay described above. Predictably, the Ile44Ala mutation in ubiquitin had a strong destabilizing influence on the CUE2-1-ubiquitin interaction ( Figure  6B) . A comparable effect is also observed for the Lys48-Ala mutation, consistent with its role in engaging CUE2-1 in intermolecular interactions. The His68Ala mutant, on the other hand, retained comparable affinity as the wildtype protein, which is not inconsistent with its role in creating a hydrophobic pocket for the insertion of the CUE2-1 Met19 side chain.
Discussion
Posttranslational modifications such as phosphorylation, acetylation, and methylation have been implicated in signaling through mechanisms involving potentiation cated a hydrophobic patch defined by the side chains Protein-protein interaction assays conducted in vitro MFP motif and is responsible for inducing a sharp turn highlighted a role for this patch in ubiquitin binding by that brings the methionine and the aromatic residue the UIM and CUE domains (Shih et al., 2002, 2003) . The within the motif in close spatial proximity akin to the NMR structure of the CUE-ubiquitin complex confirms first two residues in the MFP motif in CUE domains. and extends these observations. The CUE domain not Since the CUE and UBA domains share structural hoonly engages residues within the hydrophobic patch, mology and because no high-resolution structure of but also interacts with a ring of residues surrounding UBA in complex with ubiquitin has yet been reported to the patch (Figure 5 ). Intermolecular contacts are domiour knowledge, we modeled the UBA-ubiquitin interacnated by hydrophobic interactions between side chains tion based on the NMR structure of the CUE2-1-ubiquitin of hydrophobic residues and between hydrophobic side complex. We chose to model the interaction involving chains and the aliphatic segments of charged or polar the human Rad23A UBA-1 domain (PDB accession code residues. Additional interactions including intermolecu-1IFY; (Mueller and Feigon, 2002) rather than the UBA-2 lar electrostatic interactions at the periphery of the condomain because of its greater sequence similarity with tact surface and a hydrogen bonding interaction also CUE2-1. Although the manner in which the helices ascontribute toward the stability and specificity of the semble within the respective domains is slightly different CUE-ubiquitin complex.
( Figure 7B ), the set of determinants required to engage The CUE domain binding surface is a hydrophobic patch ubiquitin in a fashion analogous to the CUE domain that is complementary to the ubiquitin hydrophobic surappears to be surprisingly well conserved in the UBA face. CUE domains contain two highly conserved sedomain. For example, residues Met173, Gly174, Tyr175, quence motifs including a MFP motif and a dileucine motif Pro191, Val195, and Leu199 define an equivalent hy-( Figure 7A 
